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Transition metal nanoparticles dispersed on oxides or carbon 
supports are among the most frequently used catalysts in the 
chemical and petrochemical industries. In principle, by selecting 
the right combination of metal and support, one could reduce 
substantially the energy necessary for chemical transformations 
and optimize the use of chemical feedstocks.[1] Metal-support 
interactions can have negative[2,3] or positive[4,5] effects on the 
catalytic properties of a metal. A major challenge in 
heterogeneous catalysis is to understand metal-support 
interactions at an atomic level and use them to design highly 
active and selective catalysts.[1,4,5]  In the last decades, a large 
effort has been focused on the study of metal-oxide 
interactions.[1] However, in recent years, it has become clear that 
metal carbides can be excellent supports for the dispersion of 
metal catalysts.[6-10] The metal carbides have interesting catalytic 
properties on their own,[11-18]  and they also can modify the 
reactivity of a supported metal through chemical bonding.[8,19] In 
this article we investigate the performance of Au/TiC(001) 
surfaces as catalysts for the water-gas shift reaction (CO +  H2O 
→ H2 + CO2, WGS). The WGS is a key process in the industrial 
production of hydrogen.[20,21] Commercial catalysts for the WGS 
usually involve mixtures Fe-Cr and Cu-Zn oxides, used at 
temperatures between 620-770 K and 470-525 K, 
respectively.[20] These catalysts normally require lengthy and 
complex activation steps before usage. There is a general desire 
to find WGS catalysts active at relatively low temperatures ( < 
470 K).[20] Metal-carbide based catalysts can accomplish this 
task,[6,14,17,18] but there are serious concerns about their stability 
and selectivity.[14,18] Many metal carbides are sensitive to O2 or 
O-containing molecules in the reaction feed.[11,14,18] On the other 
hand, metal carbides can be very active for the breaking of the 
C-O bond in carbon monoxide[11,22] and, in the presence of 
hydrogen, hydrogenate the produced C atoms to yield methane 
or higher alkanes.[10,13,15,16,23] Our study indicates that the 1:1 
metal-to-carbon ratio in TiC gives stability to this carbide 
substrate and prevents the cleavage of C-O bonds. Strong 
metal-support interactions make Au/TiC(001) a highly active and 
selective catalyst for the low-temperature WGS reaction. 
 Figure 1 shows the WGS activity for clean TiC(001) and 
Au/TiC(001) surfaces as a function of Au coverage. We found 
that the clean TiC(001) surface is able to catalyze the WGS, in 
agreement with the predictions of previous DFT calculations.[17]  
In fact, at 450 K, TiC(001) displays a WGS activity larger than 
that of Cu(111),[24] a typical benchmark in WGS studies.[21,24] 
Metallic Au does not catalyze the WGS.[26] In spite of this, the 
addition of Au to TiC(001) produces a drastic increase in the 
WGS activity of the system. A maximum in the production of H2 
and CO2 is observed at θAu ~ 0.15 ML. After this point, there is a 
gradual decrease in the WGS activity of Au/TiC(001). Studies of 
STM have shown that at coverages below 0.2 ML, Au grows on 
TiC(001) forming a large amount of two dimensional (2D) 
particles.[8,19]  The  Au atoms in this 2D particles are in direct 
contact with the C sites of the TiC(001) substrate undergoing a 
charge polarization[25] which enhances their chemical 
reactivity.[8,9,19]  At Au coverages above 0.2 ML, the admetal 
forms predominantly three-dimensional (3D) particles (i.e. the Au  
 
Figure 1. WGS activity of Au/TiC(001) and Au/TiO2(110) as a function of Au 
coverage. The reported values for the production of H2 (filled symbols) and 
CO2 (empty symbols) were obtained after exposing the catalysts to 20 Torr 
of CO and 10 Torr of H2O at 450 K for 5 min.  
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atoms exposed to the  reactants are not electronically modified 
by interactions with the carbide support) and the chemical 
reactivity of the system decreases.[8,19]   
 In Figure 1, we compare the WGS activity of a series of 
Au/TiC(001) and Au/TiO2(110) surfaces with similar coverages 
of the admetal. At temperatures of 550-625 K, Au/TiO2 is known 
to be a very good catalyst for the WGS[26] with an activity that is 
higher than that of Cu/ZnO[27] which is used as an industrial 
WGS catalyst.[20] The results in Figure 1 indicate that 
Au/TiC(001) is a much better low-temperature WGS catalysts 
than Au/TiO2(110). This is corroborated by the data shown in the 
Arrhenius plots of Figure 2. The apparent activation energy for 
the WGS process decreases from 18 kcal/mol on Cu(111) to 10 
kcal/mol on Au/TiO2(110) and 8 kcal/mol on Au/TiC(001). At 
relatively low temperatures (< 470 K), Au/TiC(001) exhibits a 
WGS activity that is observed on copper surfaces and on 
Cu/oxide or Au/oxide (oxide= TiO2, ZnO, CeO2, MgO) catalysts 
only at elevated temperatures (> 500 K).[26,27]  
 
Figure 2. Arrhenius plots for the WGS on Cu(111), Cu(100), Au/TiO2(110) and 
Au/TiC(001) catalysts (20 Torr of CO and 10 Torr of H2O). Surfaces of metallic 
Au are not active for the WGS reaction. The data for Cu(111), Cu(100), Cu(111) 
and Au/TiO2(110) were taken from refs. [26,27]. The coverages of Au on 
TiO2(110) and TiC(001) were 0.4 and 0.15 ML, respectively. At these coverages 
maximum catalytic activity was observed for Au/TiO2(110) and Au/TiC(001). 
       From the data points in Figure 2, we estimated turnover 
frequencies (TOFs) for Au/TiC(001) assuming that all the gold 
atoms in the catalyst were involved in the WGS process. This is a 
valid assumption since STM shows that at a low coverage of Au (~ 
0.15 ML) the admetal grows forming a substantial amount of 2D 
islands on TiC(001).[8,19] The estimated TOFs at different 
temperatures are shown in the top panel in Figure 3. The bottom 
panel compares TOFs for several catalysts. Again it is clear that 
 
 
Figure 3. Top: TOFs for the WGS reaction on Au/TiC(001) at different 
temperatures. Bottom: Comparison of the TOFs for the WGS on Cu(111)[26], 
Cu/ZnO(000ī)[27], Au/ZnO(000ī)[27], Au(111)[26], Au/TiO2(110)[26] and Au/TiC(001). 
In all cases, the pressures of CO and H2O were 20 and 10 Torr, respectively.  
Au/TiC(001) is an excellent catalyst for the WGS reaction. A 
Cu/ZnO(000ī) surface, which models industrial Cu/ZnO 
catalysts,[27] displays a TOF ~ 3 times smaller than that of 
Au/TiC(001) in spite of an increase of 125 K in the reaction 
temperature. 
      As mentioned above, two important issues when dealing with 
the use of metal carbides as possible catalysts for the WGS are 
selectivity and stability.[14-18] In many industrial operations, the 
WGS is performed under hydrogen rich conditions with mixtures of 
CO/H2O/H2 that come from the reforming of hydrocarbons.[6,14]  
Under hydrogen rich conditions metal carbides such as Mo2C 
transform CO into methane as a side reaction.[15,22]  We performed 
studies comparing the WGS process on Au/TiC(001) and 
Au/Mo2C(001) using CO/H2O/H2 mixtures. A gold coverage of ~ 
0.15 ML was deposited on TiC(001) and on a Mo2C(001) 
surface.[13] The results are summarized in Figure 4. Neither 
TiC(001) nor Au/TiC(001) produce methane as  a  reaction  
product.  These catalysts only produce CO2 through the WGS 
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Figure 4. Production of CO2 and CH4 after exposing TiC(001), Au/TiC(001), 
Mo2C(001) and Au/Mo2C(001) catalysts to a mixture of 20 Torr of CO, 10 Torr of 
H2O and 100 Torr of H2 at 435 K for 5 minutes.. 
reaction. In general terms, Mo2C(001) is more active than TiC(001) 
for the conversion of CO, but the molybdenum carbide produces a 
significant amount of methane. The addition of Au to Mo2C(001) 
produces an excellent catalyst for the conversion of CO at low 
temperature, but it increases simultaneously the production of 
CO2/H2 and methane. In Figure 4, Au/TiC(001) is the best WGS 
catalyst in terms of activity and selectivity. The 1:1 metal-to-carbon 
ratio in TiC(001) makes very difficult the cleavage of the C-O bond 
in carbon monoxide.[9,13] This 1:1 metal-to-carbon ratio also makes 
TiC(001) less sensitive to the presence of water in the reaction 
feed. After 6 hours of operation we found no signs for deactivation 
of the Au/TiC(001) catalyst during the WGS (Figure S1 in 
supporting information). In contrast, the Au/Mo2C(0001) catalyst 
lost ~ 30% of its activity during the same period of time (Figure 
S1). Mo2C powders and Mo2C(001) decompose the water 
molecule to form films of oxycarbides.[14,18]  This deactivation 
process was negligible on TiC(001) and Au/TiC(001). 
    DFT calculations were used to study the mechanism of the 
WGS reaction on Au/TiC(001). Figure 5 compares the calculated 
reaction profiles for the WGS on clean TiC(001)[17] and 
Au/TiC(001). The corresponding molecular structures for the 
reaction intermediates and transition states are displayed in Figure 
6. Since the maximum of catalytic activity in Figure 1 occurs when 
the Au/TiC(001) system contains a large fraction of small 2D 
particles,[8,19] we used a Au4/TiC(001) model in our DFT 
calculations. Such a model has been used before in studies for 
SO2 decomposition[19] and CO2 activation,[9]  providing valuable 
explanations of fundamental phenomena. Our theoretical study 
indicated that the optimal path for the WGS on Au/TiC(001) follows 
and associative mechanism in which a HOCO species is formed 
after reacting CO with an OH group produced by the dissociation 





Figure 5. DFT calculated energy profile for the WGS reaction on clean TiC(001) 
and Au4/TiC(001). The corresponding molecular structures are shown in Fig. 6. 
been proposed in previous theoretical studies for the WGS on 
Cu(111),[21]  CeOx/Cu(111)[28] and Au/TiO2(110).[29] Table 1 lists the 
calculated reaction rates for the main steps of the WGS on 
Au4/TiC(001). It is remarkable that on Au4/TiC(001) the formation 
of the HOCO intermediate is an exothermic process that occurs 
with extremely low activation barriers which are significantly 
smaller than those found on TiC(001), 0.87 eV,[17] or pure gold, > 
2eV.[29] On clean TiC(001), the calculated reaction  rate  for the  
CO + OH à cis-HOCO reaction was only 3.20 s-1,[17]  while on 
Au4/TiC(001) the corresponding rate was 4.14 x 108 s-1. Surfaces 
of pure gold do not dissociate water.[29] In contrast, the rate for the 
dissociation of water on a Au4 cluster supported on TiC(001) is  
2.02 x 109 s-1. Thus, the charge polarization at the Au-TiC 
interface[8,25] drastically enhances the catalytic properties of gold. 
Figure 6. Calculated DFT molecular structures for intermediates and TS of the 
WGS on a Au4/TiC(001) model catalyst. The corresponding energy profile is 









































Table 1. Calculated barriers and rates for main steps of the WGS on 
Au4/TiC(001). Eact is in eV/molecule and reaction rates (RR) in s-1. 
Reaction  Eact  RR 
H2O à OH +  H  0.37  2.02 x 109 
CO + OH à cis-HOCO 
 
cis-HOCO à  trans-OCOH 
 






 4.14 x 108 
 
1.29 x 1010 
 
2.30 x 103 
 
 
     A detailed comparison of the behaviour of Au on TiC(001) 
and TiO2(110) or ZnO(000ī) points to strong metal-support 
interactions on the carbide surface which make this substrate 
the best option for enhancing the WGS activity of Au. The 1:1 
metal-to-carbon ratio in TiC provides stability and prevents the 
transformation of CO into methane. In Au/TiC(001), one has a 
highly active and selective catalyst for the low temperature WGS 
reaction.   
Experimental Section 
    The Au/TiC(001) and Au/Mo2C(001) catalysts were prepared and 
tested in an ultrahigh vacuum chamber that has attached a high-pressure 
cell or batch reactor.[13,27,29] Au was deposited on the metal carbide 
substrates following the methodology described in refs. 19 and 25. The 
procedures followed for the cleaning of the TiC(001) and Mo2C(001) 
surfaces are described elsewhere.[13,19,25] In the experiments, the WGS 
activity of the metal/carbide catalysts was tested under mixtures of 
CO/H2O or CO/H2O/H2.[14,26-29]  The CO gas was stored on aluminium 
tanks and cleaned of any metal carbonyl impurity by passing it through 
purification traps.  
    The periodic DFT calculations estimated exchange and correlation 
energy using the PW91-GGA[30] approximation as implemented in 
VASP.[31] The wave function was expanded using a plane wave basis set 
whose associated kinetic energy was lower than 415 eV. A suitable net 
of 3×3×1 k points generated using Monkhorst-Pack algorithm was used 
to perform integration in the reciprocal space.[32] The Au4 cluster was 
adsorbed on a 3(√2×√2)R45º supercell and fully relaxed together with all 
adsorbates and the two upper layers of the slab until forces were smaller 
than 0.02 eV Å-1. About 10 Å of vacuum perpendicular to the surface 
avoided interaction between repeated images. Transition states were 
identified using CI-NEB algorithm.[33] All structures were characterised as 
proper minima or saddle points by vibrational analysis. Reaction rates 
were estimated from standard transition state theory including the 
calculation of the vibrational partition function as detailed elsewhere.[17] 
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